Abstract. The aim of the present study was to investigate the effects of docosahexaenoic acid (DHA) on the learning and memory ability of young rats exposed to propofol, and its underlying mechanisms. Sprague Dawley rats (n=60) were randomly divided into six groups: Control group (group A); solvent control group (group B); propofol group (group C); low-dose DHA + propofol group (group D); medium dose DHA + propofol group (group E); and high-dose DHA + propofol group (group F). The Morris water maze (MWM) test was performed to evaluate the rats' learning and memory ability, and tissue samples from the hippocampi of the rats were obtained for biochemical analysis. The results of the MWM test revealed that DHA supplementation administered to young rats led to an evident decrease in the latency to find the maze platform, and a significant increase in the number of platform crossings in groups E and F compared with group C (P<0.05). High-performance liquid chromatography indicated that glutamate concentration levels were significantly lower and γ-aminobutyric acid concentration levels were significantly higher in the hippocampi of group E and F rats treated with DHA compared with group C rats (P<0.05). Furthermore, DHA treatment alleviated the decrease in brain-derived neurotrophic factor levels (P<0.05), and superoxide dismutase (P<0.05) and glutathione peroxidase (P<0.05) activities induced by the administration of propofol. Additionally, DHA treatment decreased malondialdehyde levels in the hippocampi of rats (P<0.05). The aforementioned findings demonstrate that DHA was able to effectively improve learning and memory dysfunction induced by repeated propofol-induced anesthesia in young rats. This data suggests that DHA may be a potential candidate for further preclinical studies aimed at treating postoperative cognitive dysfunction.
Introduction
Postoperative cognitive dysfunction (POCD) refers to the neurocognitive dysfunction caused by anesthesia, which is a common postoperative neurological complication. The clinical symptoms include patients undergoing personality changes days and even several weeks postoperatively, with decreased memory, attention, social adaptability, cognitive ability and comprehension ability. Long-term cognition disorders are also possible and severely affect the patient's quality of life (1) . Propofol (2,6-diisopropylphenol) is an intravenous anesthetic widely used for the induction and maintenance of anesthesia in clinical practice. In recent years, studies concerning human memory dysfunction caused by propofol anesthesia have emerged (2) (3) (4) . Propofol anesthesia (100 or 150 mg/kg) was revealed to induce amnesia in rodents (5) , in addition to decreased hippocampal cell proliferation and the induction of learning impairment in young rats (6) . Propofol has been demonstrated to cause anesthesia, in particular in elderly and pediatric patients (2, 4, 7) . However, the mechanisms underlying memory impairment induced by propofol remain unclear. Thus, there is no effective treatment for postoperative cognitive dysfunction induced by propofol.
The hippocampus is located in the medial temporal lobe of the brain and is of considerable importance, as its primary function is associated with learning and memory. Damage to the structure of a neuron synapse may significantly affect the ability of learning and memory. Several studies have ascertained that exposure to propofol is associated with the deficit of cognitive and neurobehavioral functions by altering the release of neurotransmitters (8) (9) (10) (11) . Furthermore, substantial evidence in rats indicates that oxidative stress, including lipid peroxidation and protein oxidation, have an important role in causing damage to learning and memory ability induced by repeated propofol anesthesia. Alterations in antioxidant defense mechanisms also occur (12, 13) . As oxidative stress is of importance to the propofol anesthesia process, antioxidant treatment may alleviate propofol-induced anesthesia-associated learning and memory impairments. Docosahexaenoic acid (DHA) is an essential n-3 polyunsaturated fatty acid that concentrates in membrane phospholipids at synapses and in retinal photoreceptors (14, 15) . Clinical evidence indicates that term infants given formula supplemented with DHA plus arachidonic acid or DHA alone have improved cognitive ability (16) . Animal studies have also revealed that a deficiency of DHA resulted in a poorer performance on cognitive and behavioral tests; conversely, supplementation with DHA led to the recovery of learning and memory-associated performance (17, 18) . Furthermore, studies in animal models of neurodegenerative disorders indicate that the consumption of DHA produces beneficial effects by inhibiting oxidative stress and inflammation, and inducing the expression of cell survival genes (19) (20) (21) (22) .
The positive effects observed in brain tissues following the administration of DHA led the present study to hypothesize that DHA treatment may attenuate impairments in learning and memory abilities induced by repeated propofol-induced anesthesia in rats. To the best of our knowledge, the majority of studies have assessed the effects of DHA treatment on learning and memory ability in traumatic brain injury-induced subjects, whilst few have focused on the effects of DHA treatment on the impairment induced by repeated propofol anesthesia. Thus, the present study aims to evaluate the effects of DHA treatment on the impairment of learning and memory ability caused by repeated propofol-induced anesthesia in young rats based on Morris water maze (MWM) testing, and its association with amino acid neurotransmitters, antioxidant enzymes and brain-derived neurotrophic factor (BDNF). Experimental protocol. Rats were randomly assigned to 4 groups (n=10 per group) as follows: Group A, control group; group B, solvent control group; group C, propofol group; group D, low dose DHA + propofol group; group E, medium dose DHA + propofol group; and group F, high dose DHA + propofol group.
Materials and methods

Chemicals
The animals in group A received 0.9% 10 ml/kg saline by intraperitoneal injection once daily for consecutive 5 days. The animals in group B received 10 mg/kg Intralipid by intraperitoneal injection once daily for consecutive 5 days. The rats in experimental groups C, D, E and F were administered 75 mg/kg propofol by intraperitoneal injection once daily for 5 consecutive days. Rats in experiment group D, E and F also received a single oral dose of 0.3, 1, and 3 g/kg DHA, respectively, for 10 consecutive days prior to propofol exposure.
MWM test. Hippocampus-dependent spatial learning and memory were assessed via MWM testing, 12 h after the administration of propofol or Intralipid The rats were trained on five consecutive days with four consecutive trials occurring each day. The trials were conducted in a pool (150 cm in diameter, 25±2˚C). Each rat was trained to find a hidden circular platform (11 cm in diameter, 2 cm beneath the water in the southwestern quadrant). The rat was allowed a maximum of 120 sec to reach the platform. If the rat was unable to find the platform within 120 sec, it was placed on the platform for 30 sec. Time taken to reach the platform was recorded. A probe trial was performed to assess memory 24 h after the last training session. During the probe trial, the hidden platform was removed from the tank and the rats were allowed to swim freely for 120 sec. Latency to find the maze platform (sec) and number of platform crossings were recorded.
Tissue sampling. Twenty-four hours after the MWM test was performed, the rats were sacrificed by an overdose of sodium pentobarbital (30 mg/kg). Then, the hippocampi of the rats were obtained and immediately divided into two sections of equal size. One section of tissue was used for the determination of amino acid neurotransmitters and the other section was stored at -80˚C for subsequent biochemical assays.
High-performance liquid chromatography (HPLC) analysis.
The hippocampus was removed, weighed and placed in 1.5 ml microcentrifuge tubes containing 1 ml of chilled homogenisation buffer (0.1 M citric acid, 0.1 M sodium dihydrogen phosphate monohydrate, 5.6 mM octane sulfonic acid, 10 µm EDTA in 10% (v/v) methanol solution, pH 2.8 with 4 M NaOH). Each sample was sonicated for 4 sec (Sonoplus; Bandelin Electronic GbmH & Co., Berlin, Germany), centrifuged at 18,620 x g for 15 min at 4C and the supernatant stored at -80˚C until HPLC analysis. The concentration levels of glutamate (Glu) and γ-aminobutyric acid (GABA) were determined by HPLC with fluorescent detection, as described previously (23) . An Agilent 1200 series HPLC system and Agilent ZORBAX Extend-C18 analytical column (250x4.6 mm, 5 µm; particle size; Agilent Technologies, Inc., Santa Clara, CA, USA) were used. The excitation and emission wavelengths were set to 355 and 450 nm, respectively. Glu and GABA were quantified by comparison with the standard curves for each amino acid. The formula used for calculating Glu and GABA contents in the hippocampus is as follows:
where conc is concentration and vol is volume.
Biochemical analysis. Hippocampus tissues were homogenized using a glass homogenizer in a 100 mM phosphate-buffered saline (PBS, pH 7.4; Beijing Biosynthesis Biotechnology Co., Ltd., Beijing, China) containing 1 mM EDTA, phenylmethylsulfonyl fluoride (proteinase inhibitor; 1 mM) and phosphatase inhibitor cocktail (1:100 dilution) (all purchased from Beijing Biosynthesis Biotechnology Co., Ltd.). The mixture was centrifuged at 12,000 x g for 30 min at 4˚C. The supernatant was collected and quantitatively assayed for the activities of SOD and GSH-Px, and the protein concentration of MDA and BDNF. The detection of these indicators was performed using ELISA kits, according to the manufacturer's protocol.
Statistical analysis. The data are expressed as mean ± standard deviation. SPSS statistical software (version 16.0; SPSS, Inc., Chicago, IL, USA) was employed for statistical analysis. Significant differences between the treatment and control groups were determined using one-way analysis of variance, followed by a Student-Newman-Keuls test. P<0.05 was considered to indicate a statistically significant difference.
Results
Effects of DHA treatment on MWM testing. Fig. 1 revealed the effects of DHA treatment on latency to find the maze platform (Fig. 1A) and number of platform crossings (Fig. 1B) during A B Figure 2 . Effect of docosahexaenoic acid (DHA) treatment on the content of (A) Glu and (B) GABA, and (C) the ratio of Glu / GABA in the hippocampus. Group A, control group; group B, solvent control group; group C, propofol group; group D, low dose DHA + propofol group; group E, medium dose DHA + propofol group; and group F, high dose DHA + propofol group. Data are presented as mean ± standard deviation (n=10 
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the MWM test. Administration of propofol in group C led to a significant elevation in latency to find the maze platform compared with group A (P<0.01). In comparison to group C, groups D, E and F exhibited reduced latency to find the maze platform, and the differences of group E (P<0.05) and F (P<0.01) were statistically significant compared with group C. Furthermore, with increasing dosage of DHA, the latency to find the maze platform of groups D, E and F were gradually reduced. This suggests that treatment with DHA may effectively and dose-dependently enhance the spatial learning and memory of young rats treated with propofol.
Effects of DHA treatment on acid neurotransmitters.
The effects of DHA on the concentration of Glu ( Fig. 2A) and GABA (Fig. 2B) , and the ratio of Glu/GABA (Fig. 2C) are displayed in Fig. 2 . The content of Glu (P>0.05) and GABA (P>0.05), and the ratio of Glu/GABA (P>0.05) were not significantly different when comparing group A with group B. Compared with group A, the content of Glu (P<0.01) and the ratio of Glu/GABA (P<0.01) in group C significantly increased and the GABA content decreased (P<0.05). Application of DHA in groups D, E (P<0.05) and F (P<0.01) led to a decrease in the concentration of Glu and the ratio of Glu/GABA compared with those in group C, and an increase in GABA concentration levels was observed in groups D, E (P<0.05) and F (P<0.05) compared with group C. Furthermore, with the increase of dosage of DHA, a dose-dependent effect of DHA was observed. The aforementioned results indicate that DHA may significantly alleviate the learning and memory deficits induced by propofol through balancing the levels of Glu and GABA.
Effects of DHA treatment on SOD and GSH activity, and MDA concentration levels. The effects of DHA treatment on SOD and GSH-Px activity in the hippocampi are displayed in Fig. 3A and B, respectively. SOD and GSH-Px activity were significantly decreased in group C by a total of 35.1% (P<0.01) and 39.8% (P<0.01), respectively, compared with control rats. DHA treatment caused a significant increase in SOD and GSH-Px activity in group E (P<0.05) and F (P<0.01). In addition, with an increase in dose, the effects of DHA on the activity of SOD and GSH-Px were more profound. However, there was no significant difference in SOD or GSH-Px activity between groups A and B. The MDA protein concentration levels in the different groups are displayed in Fig. 3C . The results indicated that MDA concentration in propofol-exposed rats was significantly higher compared with those of control rats (P<0.01). Additionally, treatment with DHA was able to decrease MDA concentration in the hippocampi of rats in groups D, E (P<0.05) Figure 3 . Effect of docosahexaenoic acid (DHA) treatment on the activity of (A) SOD and (B) GSH-Px, and (C) the protein concentration of MDA in the hippocampus. Group A, control group; group B, solvent control group; group C, propofol group; group D, low dose DHA + propofol group; group E, medium dose DHA + propofol group; and group F, high dose DHA + propofol group. Data are presented as mean ± standard deviation (n=10). ## P<0.01 vs. group A; * P<0.05, ** P<0.01 vs. group C. SOD, superoxide dismutase; GSH-Px, glutathione peroxidase; MDA, malondialdehyde. Figure 4 . Effect of docosahexaenoic acid (DHA) treatment on the protein concentration level of BDNF in the hippocampus. Group A, control group; group B, solvent control group; group C, propofol group; group D, low dose DHA + propofol group; group E, medium dose DHA + propofol group; and group F, high dose DHA + propofol group. Data are presented as mean ± standard deviation (n=10 and F (P<0.01) compared with group C. This indicates that treatment with DHA may reduce the oxidative stress caused by propofol-induced anesthesia Effects of DHA treatment on BDNF. Fig. 4 indicates the effects of DHA treatment on BDNF levels. The BDNF levels of the rats in group C were decreased by 34.7 % (P<0.05) compared with those in group A. Treatment with DHA in groups D-F resulted in an increase in the level of BDNF, increasing by 11.3 (P>0.05), 33.9 (P<0.05) and 47.8% (P<0.01), respectively, compared with group C. There were no statistically significant differences in BDNF levels between groups A and B (P>0.05). The increase in DHA efficacy was dose-dependant based on the aforementioned experimentation.
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Discussion
DHA possesses various potent properties, including neuroprotective and antioxidant effects, in brain tissue, making it an effective molecule for attenuating impairments to learning and memory abilities caused by repeated propofol-induced anesthesia in young rats. The present study revealed that treatment with DHA improved spatial learning and memory through enhancing the activity of antioxidant enzymes, balancing the levels of acid neurotransmitters and increasing the concentration levels of BDNF.
As an established neurological behavior analysis method, MWM testing has become a standard medium by which to assess behavioral neuroscience (24) . Therefore, the present experiment selected this technique to explore the effect of DHA treatment on the impairment of learning and memory abilities following repeated propofol-induced anesthesia in young rats. According to the results of MWM testing, after the administration of propofol, the latency of rats in finding the maze platform increased, and the number of platform crossings decreased compared with the control group, suggesting that propofol-induced anesthesia reduces the spatial leaning and memory ability in young rats. The aforementioned data are consistent with previous findings that repeated propofol anesthesia can induce learning and memory impairment via damage to hippocampal neurons (5, 25, 26) . Furthermore, treatment with DHA resulted in an evident decrease in the latency to find the maze platform and a significant increase in the number of platform crossings compared with group C. In addition, the effects of DHA appeared to be dose-dependent. These data suggest that treatment with DHA may effectively improve hippocampus-dependent spatial learning and memory impairment.
To explore the association between learning and memory ability, and amino acid neurotransmitters, the content of Glu and GABA, and the ratio of Glu/GABA were measured in hippocampi tissue samples. Glu is an excitatory amino acid neurotransmitter, whilst GABA is an inhibitory neurotransmitter. Both are key mediators in the central nervous system, and are involved in a variety of brain functions, such as learning and memory, locomotor activity, reproduction and circadian rhythms (27) . A balance of neuronal transmission between Glu and GABA is required to maintain normal functions of the brain, including learning and memory (28) . The increase of Glu or decrease of GABA (i.e., reduction of the ratio of Glu/GABA) may lead to the impairment of learning and memory (29) . In the present study, Glu levels and the Glu/GABA ratio were observed to increase while GABA levels decreased following propofol-induced anesthesia.
Antioxidant systems protect living organisms from oxidative damage through enzymatic or non-enzymatic antioxidant systems and molecules. SOD, GSH-Px and catalase are important enzymes in the aforementioned antioxidant system. An increase of antioxidant enzymes suggests an enhancement of the antioxidant potential of the organs in order to reduce oxidative stress (30) . Increased activity of SOD may protect against oxidant impairment (31) . In the present study, SOD and GSH-Px activity were significantly increased in the hippocampus following DHA treatment. This may have resulted as a consequent of the body producing more SOD and GSH-Px in the hippocampus in response to oxidative stress induced by propofol exposure. MDA is a product of the lipid peroxidation reaction and is considered to be a parameter for the determination of oxidative damage (32) . In the current study, MDA protein concentration levels in the hippocampi of propofol-exposed rats were significantly higher compared with those of control rats, consolidating upon the hypothesis that propofol exposure results in additional oxidative stress. DHA treatment increased SOD activity, however, it also reduced the increase in MDA concentration in propofol-exposed rats. This indicates that DHA is capable of alleviating propofol-induced oxidative impairments.
BDNF is an important molecular mediator of the neuroplasticity of the brain (33) and influences brain functions, such as learning and memory (34) . It is known that reductions in BDNF levels in the hippocampus impair learning and memory in animals. In the present study, BDNF levels in the hippocampus were typically lower in the rats with propofol-induced anesthesia compared with group A. Most notably, DHA supplementation caused BDNF levels to increase. Therefore, we hypothesize that the ameliorative effect of DHA on learning and memory ability is associated with increased BDNF levels in the hippocampus.
In conclusion, DHA treatment improved learning and memory impairment by balancing the levels of Glu and GABA, decreasing oxidative damage and increasing BDNF levels in young rats with repeated propofol-induced anesthesia. These results may help the development of a novel therapy for patients suffering from postoperative cognitive dysfunction. Thus, we propose that DHA may be effectively used for postoperative therapy for learning and memory dysfunction induced by repeated propofol anesthesia, however, more studies should be conducted to support this hypothesis.
